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Abstract

Autologous Chimeric antigen receptor (CAR-T) cell therapy has been highly
successful in the treatment of aggressive hematological malignancies and is also
being evaluated for the treatment of solid tumors as well as other therapeutic
areas. A challenge, however, is that up to 60% of patients do not sustain a long-
term response. Low CAR-T cell exposure has been suggested as an underlying
factor for a poor prognosis. CAR-T cell therapy is a novel therapeutic modality
with unique kinetic and dynamic properties. Importantly, “clear” dose-exposure
relationships do not seem to exist for any of the currently approved CAR-T cell
products. In other words, dose increases have not led to a commensurate increase
in the measurable in vivo frequency of transferred CAR-T cells. Therefore, alter-
native approaches beyond dose titration are needed to optimize CAR-T cell expo-
sure. In this paper, we provide examples of actionable variables - design elements
in CAR-T cell discovery, development, and clinical practice, which can be modi-
fied to optimize autologous CAR-T cell exposure. Most of these actionable vari-
ables can be assessed throughout the various stages of discovery and development
as part of a well-informed research and development program. Model-informed
drug development approaches can enable such study and program design choices
from discovery through to clinical practice and can be an important contributor
to cell therapy effectiveness and efficiency.

INTRODUCTION

Adoptive cell therapy describes the administration of
immune cells that recognize and eliminate target cells,
such as tumor cells. Chimeric antigen receptor (CAR)-T
cells are adoptively transferred engineered immune cells,
which have been genetically modified to express an arti-
ficial receptor recognizing a surface antigen on the target

cell. Six autologous CAR-T cell products, all targeting he-
matological tumors via the CD19 or B-cell maturation an-
tigen (BCMA), have so far been approved by the US Food
and Drug Administration (FDA; Table 1).

The CAR-T cell treatment process largely consists
of five steps: In the first step, T cells are extracted from
a patient's blood via apheresis. In the second step, the T
cells are genetically modified to express a CAR which
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TABLE 1 Overview of FDA-approved autologous CAR-T cell products.
Target
and co- Year
stimulatory =~ FDA-approved of FDA
CAR-T cell product Manufacturer domain indication approval Comments
Tisagenlecleucel Novartis CD19 r/r ALL (£25years) 2017 First approved CAR-T
(Kymriah) 41BB r/r LBCL (adults) cell therapy
r/r FL (adults)
Axicabtagene ciloleucel Kite/Gilead Sciences  CD19 r/r LBCL (adults) 2017 First approved CAR-T
(Yescarta) CD28 r/r FL (adults) cell therapy for adults
Brexucabtagene Kite/Gilead Sciences  CD19 r/r MCL (adults) 2020 Enrichment of T
autoleucel (Tecartus) CD28 r/r ALL (adults) cells during
manufacturing to
avoid contamination
with tumor cells
which could lead to
activation, expansion,
and exhaustion during
ex vivo expansion
Lisocabtagene Juno/BMS CD19 r/r LBCL (adults) 2021 CD4*" and CD8*
maraleucel (Breyanzi) 41BB CAR-T cells are
manufactured
separately and later
combined in a 1:1
ratio
Idecabtagene vicleucel Celgene/BMS BCMA r/r MM (adults) 2021 Binds to one epitope of
(Abecma) 41BB BCMA
Ciltacabtagene autoleucel  Janssen BCMA r/r MM (adults) 2022 Binds to two epitopes of
(Carvykti) 41BB BCMA, resulting in

increased avidity

Abbreviations: ALL, acute lymphoblastic leukemia; BCMA, B-cell maturation antigen; BMS, Bristol-Myers Squibb; FDA, US Food and Drug Administration;
FL, follicular lymphoma; LBCL, large B-cell lymphoma; MM, multiple myeloma; r/r, relapsed/refractory.

recognizes the target antigen. In the third step, the newly
generated cells are activated and expanded ex vivo to gen-
erate a high number of CAR-T cells. In the fourth step,
patients receive a pre-conditioning lymphodepleting che-
motherapy regimen. This creates beneficial survival con-
ditions for the CAR-T cells, which are infused in the fifth
step.

CAR-T cells have unique kinetic properties,”* which
are different from any other currently approved therapeu-
tic modality. Their kinetic profile can be separated into
three distinct phases: after infusion, CAR-T cells distrib-
ute out of the peripheral blood and into tissue, observable
as a transient decline in peripheral blood concentrations
(distribution phase). Upon binding to their target, CAR-T
cells release cytotoxic substances, which kill tumor cells.
At the same time, they rapidly and extensively proliferate
until they reach their peak expansion after ~7-14days
(proliferation phase). This expansion phase is followed by
a period of biphasic decline, with the two phases result-
ing from the presence of different CAR-T cell phenotypes
with different life spans (contraction phase).

The CAR-T cell phenotypes are defined based on their
expression of cell surface markers (mainly CCR7, CD28,
CD95, and CD45R0), which can be identified via flow
cytometry. Different phenotypes show different expan-
sion, survival, and cytotoxicity characteristics (Figure 1).
According to the widely accepted progressive differenti-
ation T cell model,” describing the relationship between
effector and memory T cells, T cells differentiate upon
stimulation (e.g., by contact with their antigen). The least
differentiated naive T cells (Ty) are postulated to differ-
entiate into stem cell memory T cells (Tgcy;), which again
differentiate into central memory T cells (T¢y)- The Ty
then differentiate into effector memory T cells, which fi-
nally differentiate into effector T cells. With increasing
differentiation, T cells lose their expansion potential and
fitness, while increasing their cytotoxicity.® T cells are fur-
ther distinguished into CD8" subsets with cytotoxic prop-
erties, and CD4" subsets with helper functions.*

CAR-T cell therapy has revolutionized the treatment
of relapsed/refractory (R) hematological malignancies.
Initial response rates of up to 100%° have been achieved,
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FIGURE 1 CAR-T cell phenotypes
and their relevant characteristics in the
context of adoptive cell therapy. Created
with BioRender.com.
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yet a durable response is only observed in as few as 40%°
of patients. Several factors, such as a high initial tumor
burden,” an immunosuppressive tumor microenviron-
ment,? low CAR-T cell maximum concentration (Cmax),g’10
and persistence (measured as small area under the
concentration-time curve [AUC])'! have been associated
with poor outcomes. Tumor eradication may also be af-
fected by stochastic processes at low tumor cell counts,
which could be a potential cause for treatment evasion.'*

Some of these factors, such as the initial tumor size
and a patient's tumor microenvironment, are difficult to
modify. In contrast, the negative effect of alow CAR-T cell
exposure should, at least in theory, be modifiable using
dose titration. Unfortunately, “clear” dose-exposure rela-
tionships do not seem to exist for many of the currently
approved CAR-T cell products. In a recent review on the
pharmacology of CAR-T cells, no clear relationship be-
tween dose and exposure was identified for three currently
approved CAR-T cell products targeting the CD19 anti-
gen (tisagenlecleucel, axicabtagene ciloleucel, and liso-
cabtagene maraleucel), whereas only positive trends were
identified for two products (brexucabtagene autoleucel
[anti-CD19] and idecabtagene vicleucel [anti-BCMA]).?
Supporting these findings, a dedicated randomized dose
optimization study of CART-19 for the treatment of r/r
CD19* chronic lymphocytic leukemia observed neither
higher exposure nor significantly longer survival in pa-
tients receiving a high CAR-T cell dose (5x10° cells)
compared to patients receiving a low CAR-T cell dose
(5x107 cells).’ Similarly, a recent dedicated model-based
exposure-response analysis for idecabtagene vicleucel did
not find a dose-exposure relationship.'® This paper dis-
cusses actionable variables in the autologous CAR-T cell
drug discovery and development, which may be modified
to optimize CAR-T cell exposure in the absence of dose-
exposure relationships (Table 2).

Model-informed drug development (MIDD)"*'* has
been defined as an approach that develops and applies

exposure-based, biological, and statistical models derived
from across preclinical and clinical data sources to inform
drug development strategies and decision making. It aims
to integrate information from diverse data sources and to
generate information that would be difficult to obtain exper-
imentally."® The ability to decrease the level of compound/
study/program uncertainty can both lower the cost of pro-
gram failures and improve the overall indication success
rates. As the cost and morbidity of CAR-T cell therapy can
be significant, product optimization strategies in the early
drug discovery and drug development phases become es-
pecially relevant in the absence of clear dose-exposure and
dose-response relationships. Model-informed approaches
have the potential to improve the efficiency of all steps in
the knowledge generating cycle (Figure 2): For example,
optimized experimental and study designs can be proposed
based on clinical trial simulations and/or optimal design
theory,'*'” model-based interim analysis can be used as a
basis for adaptive study design, and model-based algorithms
can be used to individualize the studied therapy. In the
analysis of data from longitudinal studies, the model-based
approaches offer a multitude of benefits that all contribute
to generating more information from the available data.
Perhaps most importantly, the MIDD paradigm allows one
to integrate different sources of information and translate it
into actionable knowledge including a quantitative measure
of the associated uncertainty. This ultimately leads to better
informed decisions throughout the entire drug development
process.

Several studies have pointed toward the phenotype
(Figure 1) and functional state of CAR-T cells as being
of highest relevance for their in vivo expansion and an-
titumor activity. In a recent study exploring the relation-
ship between the phenotypic composition of commercial
anti-CD19 CAR-T cell products and exposure as well as
outcome, the in vivo CAR-T cell expansion, disease re-
sponse, and progression-free survival of patients with
large B-cell lymphoma were significantly associated with


http://biorender.com

1580 |

Mc LAUGHLIN ET AL.

ASCPT

TABLE 2 Overview of proposed actionable variables in MIDD of CAR-T cells.

Development stage

Drug discovery
CAR design

Drug discovery
CAR design

Drug discovery
CAR design

Drug discovery
CAR design

Drug development
Manufacturing

Drug development
Manufacturing

Drug development
Manufacturing

Clinical practice
Bridging

Clinical practice

Pre- and/or post-
infusion immune-
modulation

Clinical practice
Combination therapy

Actionable variable

Optimization of the CAR
affinity

Selection and
optimization of the
CAR hinge/spacer
domain

Selection of the CAR
co-stimulatory
domain(s)

Selection and
optimization of
CAR element
combinations

Stimulation of cells
during the ex
vivo expansion
(choice and dose of
antigen-presenting
antibodies/cells and
in vitro activation)

Optimization of the
duration of the ex
vivo expansion

Addition of cytokines to
the ex vivo expansion
medium and their
concentrations

Selection of patients who
might benefit from
bridging therapy and
optimization of such
treatment

Optimization of the
preconditioning
lymphodepleting
chemotherapy;
potential application
of post-infusion
cytokines

Combination of CAR-T

cells with other
treatments

Issues addressed

Affinity-efficacy relationships seem to follow
a bell-shaped form; affinity should be
optimized to assure sufficient activation with
minimal activation-induced cell-death and/
or on-target off-tumor toxicity

A minimum distance between the CAR and the
target cell seems to be required for optimal
efficacy. The expression of target epitopes
with respect to the target cell membranes
is variable, resulting in variable needs for
spacers

A co-stimulatory domain as part of the CAR
design is needed for sufficient and sustained
expansion. Several domains exist and the
integration of more than one domain is
possible

CAR-T cell elements may show varying
properties depending on their combination
with other cell elements

Different types of antigen-presenting antibodies
or cells seem to have different effects on
CAR-T cell expansion and phenotype shift in
a dose-dependent manner

The number of generated CAR-T cells increases
with increasing expansion duration. At the
same time, longer expansion durations lead
to increased CAR-T cell differentiation,
resulting in an overall less potent product

Different cytokines are used to stimulate ex vivo
expansion, but their influence on CAR-T cell
phenotype differentiation varies. Moreover,
the impact of cytokines seems to be dose—/
concentration-dependent

Some patients require bridging therapy to
control their disease during the CAR-T
cell manufacturing period, however mixed
results on the effect of bridging therapy have
been reported

Exposure-response relationships have been
identified for both drugs included in
the most common lymphodepleting
chemotherapy regimen. There seems
to be the possibility for further regimen
optimization based on a patient's tumor
burden and potentially CAR-T cell dose

Ongoing investigations indicate the potential
for combination treatments to result in
increased efficacy

Key indicators of success

High in vitro and preclinical
CAR-T cell expansion as
well as sustained cytokine
production and cytotoxicity,
minimal on-target off-tumor
activity

High in vitro and preclinical
CAR-T cell expansion,
cytokine production, and
cytotoxicity

High in vitro and preclinical
CAR-T cell expansion with
low proneness to exhaustion
induced by tonic signaling

Optimal in vitro and preclinical
CAR-T cell expansion,
cytokine production,
cytotoxicity, and fitness

High frequency of less-
differentiated CAR-T cell
phenotypes with high
expansion potential after ex
vivo expansion

Sufficient number of CAR-T
cells with good fitness and
high expansion potential
after ex vivo expansion

High frequency of less-
differentiated CAR-T cell
phenotypes with high
expansion potential after ex
vivo expansion

Successful disease control, high
in vivo expansion, improved
survival

High in vivo expansion,
improved survival

High in vivo expansion,
improved survival

Abbreviation: MIDD, model-informed drug development.
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FIGURE 2 Schematic overview
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the presence of CAR-T cells with a CD8"* central mem-
ory phenotype.'® This most recent finding is supported by
other studies identifying a high frequency of CAR-T cells
with a naive- or memory-like phenotype as positive pre-
dictors for a clinical response.lg'21 Unfortunately, T cells
in patient apheresis products (used as starting material
for CAR-T cell manufacturing) often show low fitness and
high frequencies of a highly differentiated effector pheno-
type.?? Thus, one of the most relevant goals of the CAR-T
cell product optimization process across drug discovery
and drug development is the increase and/or preservation
of a high frequency of CAR-T cells with an early differ-
entiation phenotype (e.g., naive, memory stem, or central
memory).

DRUG DISCOVERY

A CAR is an artificial receptor construct consisting of sev-
eral components. First-generation CARs, consisting of an
extracellular antigen-binding domain and an intracellular
CD3(-signaling domain, showed low expansion and a lack
of long-term persistence.”*** Second-generation CARs,
which are used in all currently approved CAR-T cell prod-
ucts, therefore incorporate an additional intracellular co-
stimulatory domain resulting in improved expansion and
persistence properties. The extracellular domain, usually
a single-chain fragment variable (scFv) originating from
a monoclonal antibody, is linked to intracellular domains
via hinge/spacer and transmembrane domains (Figure 3).
The selection of each of the receptor's components can
have a significant impact on the functional properties of
the final cell product.

CAR design: Antigen-binding domain

The activation threshold of a CAR depends on the antigen-
binding domain's affinity and avidity, as well as on the

density of the expressed target antigen.”> High affinity
scFvs are often selected to assure sufficient activation;
however, they might not always be the optimal choice.
First, if the target antigen is not exclusive to the tumor
but also expressed at low levels on healthy tissue, the
use of a high affinity scFv may result in life-threatening
on-target off-tumor toxicity. Second, CAR-T cells with
high affinity scFvs have been reported to show lower ef-
ficacy and proliferation compared to cells with low to
medium affinity,® most likely due to increased activation-
induced cell death.”” There is increasing evidence that
the affinity-efficacy relationship follows a bell-shaped
form® and that efficacy decreases with increasing affin-
ity beyond a threshold.”*° Thus, careful selection of the
scFv is necessary to allow maximum efficacy and manage-
able toxicity. A multi-scale system pharmacokinetic (PK)-
pharmacodynamic (PD) model®° built on in vitro data and
characterizing the quantitative relationship among CAR-
affinity, antigen abundance, tumor cell depletion, and
CAR-T cell expansion is available to support the optimiza-
tion of a CAR's affinity within an MIDD program.

scFv

— Hinge/
Spacer
It |
domain
\ ———Cosstimulgtory

domain

CD3 signalling
domain

CAR-T cell CAR

FIGURE 3 CAR-T cell and components of a second-generation
CAR. CAR, chimeric antigen receptor; scFv, single chain fragment
variable. Created with BioRender.com.
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CAR design: Hinge/spacer domain

The hinge/spacer domain of a CAR connects the antigen-
binding scFv with the intracellular part of the CAR via
the transmembrane domain. Its length determines the
distance between the CAR-T and the target cell and can
have a profound impact on the CAR-T cell efficacy.*
Experimental studies have shown that a minimum dis-
tance between the CAR and target cell is required for op-
timal efficacy.?” This distance can be the natural result of
the epitope being located at a sufficient distance from the
target cell membrane. If an epitope is located close to the
target cell membrane, the required distance can be intro-
duced by the addition of a hinge/spacer into the CAR. The
optimal length of a hinge/spacer therefore seems to be de-
pendent on the position of the epitope on the target cell
with respect to the cell membrane (e.g., epitopes located
close to the cell membrane will require a hinge/spacer
while epitopes expressed at a sufficient distance from the
target cell will most likely not require one). To the best of
our knowledge, no published computational CAR-T cell
model currently incorporates the spatial relationship be-
tween CAR-T cell and epitope, however, its incorporation
in existing physiologically-based PK (PBPK) models, such
as the multiscale PK/PD model cited above® should be
feasible.

CAR design: Co-stimulatory domain

The co-stimulatory domain of a CAR has been reported
to influence both expansion and persistence of CAR-T
cells. The domains currently used in commercial second-
generation CAR-T cell products are CD28 (axicabtagene
ciloleucel and brexucabtagene autoleucel) and 41BB/
CD137 (tisagenlecleucel, idecabtagene vicleucel, liso-
cabtagene maraleucel, and ciltacabtagene autoleucel;
(Table 1). Previously, the CD28 domain was associated
with stronger initial expansion and shorter persistence,
whereas the 41BB domain was associated with lower ini-
tial expansion but longer persistence.*®> A recent review
paper, however, concluded that the efficacy and toxicity
associated with either of the two domains are largely the
same and that studies designed to compare the efficacy of
both domains gave variable results and were often con-
founded.* To obtain a reliable head-to-head comparison
of co-stimulatory domains, CAR products with different
co-stimulatory domains but otherwise identical constructs
and manufacturing processes should be investigated.
Combinations of both CD28 and 41BB/CD137 are investi-
gated in third-generation CAR-T cell constructs, however,
the combination of several co-stimulatory domains in tan-
dem may, counter-intuitively, lead to inferior persistence

and function,* perhaps due to increased frequencies of

activation-induced cell death.’” Other co-stimulatory do-
mains than CD28 and 41BB/CD137, such as 0X40, ICOS,
and CD27, are under preclinical investigation and could
become clinically relevant in the future.**

CAR design: Characterization of element
combinations

With multiple options for each of the CAR's components,
the effect of their combination is an important next ques-
tion. The relevance of taking combination effects into
account is highlighted by the example of a study inves-
tigating the impact of replacing a long scFv linker (con-
necting the variable heavy and light chains in the scFv)
with a short one.”® In contrast to the long scFv linker, the
short version resulted in receptor homodimerization and
antigen-independent tonic signaling, which increased
the function of CAR-T cells engineered with a 4-1BB co-
stimulating domain. Importantly, it had the opposite effect
on CAR-T cells engineered with a CD28 co-stimulatory
domain, most likely due to the tonic signaling resulting
in cell exhaustion.*® This example underlines that CAR
elements should always be assessed as part of the whole
receptor construct. Mechanistic models can be used to
characterize and extrapolate potential negative, additive,
or synergistic combination effects and support rational
CAR development.* As more CAR designs are being de-
veloped, models characterizing the interplay between dif-
ferent receptor components can continually be updated.

DRUG DEVELOPMENT
Manufacturing

The starting material for the autologous CAR-T cell man-
ufacturing process, the apheresis product, comprises the
peripheral blood mononuclear cells collected from a pa-
tient's blood. After collection, the apheresis product may
be cryopreserved before being sent to the manufacturing
unit. The steps performed there include the initial treat-
ment of the apheresis product, the incorporation of the
CAR into the T cells, the ex vivo expansion of the newly
generated CAR-T cells, and the cryopreservation of the
final CAR-T cell product for shipment to the treatment
center.

The initial treatment of the apheresis product includes
the isolation of T cells from buffer and other immune
cells. For some products (currently only approved prod-
uct: brexucabtagene autoleucel; Table 1), a dedicated T cell
enrichment step is performed. This step aims to reduce
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the likelihood of retaining CD19-expressing tumor cells
in the medium, as these could result in early exhaustion
of the CAR-T cells by providing intense proliferation sig-
nals during the ex vivo expansion phase.*’ After isolation
and optional enrichment, the T cells are activated, trans-
duced with a vector integrating the CAR, and expanded
for usually 9-14 days.*! The different vectors available for
use in the CAR's integration as well as their advantages
and disadvantages have recently been reviewed in detail
elsewhere.*

Some products (currently only approved product: liso-
cabtagene maraleucel; Table 1) separate CD4" from CD8™"
T cells prior to the ex vivo expansion phase for later ad-
ministration in a 1:1 ratio, assuming optimal efficacy with
equal proportions of CD4" and CD8"* T cells. Whereas
two model-based analyses identified CD4* CAR-T cells
to expand more slowly in vivo than their CD8" counter-
parts,*** manufacturing CAR-T cells with a defined CD4-
to-CDS ratio of 1:1 has shown beneficial efficacy results.*’

There are several factors influencing the CAR-T cell
product characteristics, including the CAR-T cell pheno-
type, during the ex vivo expansion stage: the stimulation
of cells and its dose and duration, the cytokines added to
the expansion medium and their concentrations, and the
optional addition of co-medication to the expansion me-
dium. The last point is reviewed in detail elsewhere*® and
therefore not covered in this paper.

Stimulation of cells during ex vivo expansion
and ex vivo expansion duration

To induce ex vivo expansion, the CAR-T cells are stimu-
lated with antigen-presenting antibodies or other artifi-
cial antigen-presenting cells (APCs).*® Usually, the CD3
antigen and a co-stimulating domain, such as CD28, are
targeted. Not all stimulation is equally effective, and de-
sign elements impacting CAR-T cell expansion, pheno-
type shift, receptor expression, and cytotoxic potential
include the location of the stimulating antibodies in the
medium (e.g., soluble vs. bead-bound) or the material, the
size, and the shape of the artificial APC.* In addition, the
dose and duration of the stimulation can impact the phe-
notypic composition of the infusion product, as longer ex-
pansion durations have been reported to result in a higher
percentage of a more differentiated phenotype*”** and
different starting materials (i.e., isolated T cells from pa-
tients' apheresis products) might require different doses
of stimulation to retain a less-differentiated phenotype. A
proof of concept for the model-based selection of a patient-
specific stimulation dose to achieve a desired CAR-T cell
phenotype has recently been presented.”” In this work,
the authors developed a random forest machine learning

ASCPT

classifier which successfully predicted the stimulation
dose required to generate a desired CAR-T cell product
phenotype using the CAR-T cell phenotype in a patient's
apheresis product as input. The ability to calibrate the
stimulation dose to a patient's phenotypic composition
in the apheresis product is of high relevance because
many patients' T cell populations in the apheresis product
are primarily of an effector phenotype with poor fitness
and at high risk for over-stimulation and exhaustion.*
Alternatively, new manufacturing methods, for example,
based on the optimization of the serum concentration
and the surface area-to-volume ratio in the medium, may
allow for omission of the in vitro activation and ex vivo
expansion steps altogether.*

Cytokines in the ex vivo expansion medium

Along with stimulation of the T cell and a co-stimulating
receptor, the cytokines added to the cultivation medium
are important factors determining the CAR-T cells’ phe-
notype shift during ex vivo expansion. Commonly used
cytokines, such as interleukin-2 (IL-2), interleukin-7
(IL-7), interleukin-15 (IL-15), and interleukin-21 (IL-21),
belong to the y-chain receptor family. IL-2 is currently most
often applied due to its well-known characteristic of stim-
ulating strong and rapid T cell proliferation. A disadvan-
tage of IL-2, however, is its effect to induce differentiation
toward a terminally differentiated, often easily exhausted
effector phenotype with low proliferation potential***® as
well as populations of regulatory T cells, most prominent
during reconstitution after lymphodepletion. IL-7 and IL-
15, in contrast, are homeostatic cytokines physiologically
regulating the slow proliferation of naive and memory T
cells in absence of target stimulation. As additives in the
ex vivo expansion medium, compared to IL-2, they have
been reported to result in more efficient expansion and
less apoptosis while maintaining a less-differentiated
memory cell phenotype and better long-term tumor con-
trol.*® Although IL-2 is usually applied alone, IL-7 and IL-
15 may be best used together, as IL-15 primarily induces
strong expansion and IL-7 primarily ensures the mainte-
nance of a less differentiated phenotype.”® Finally, IL-21
has been reported to induce a naive-to-memory pheno-
type with high expression of CD28, allowing increased
in vivo proliferation and survival compared to IL-2°* and
even IL-15> that has led to extended in vivo persistence
commensurate with durable clinical responses.>*°

In addition to the choice of the cytokine, its concen-
tration can have a significant impact on the CAR-T cell
expansion and phenotype shift.***% Kaartinen et al. found
that the concentration of IL-2 in the expansion medium
was directly related to the increase of the proportion of
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terminally differentiated effector T cells and the decrease
of early differentiated memory T cells in the expansion
product.’” In addition, a bell-shaped relationship was
identified for the effect of IL-21 on the expansion of cyto-
toxic lymphocytes: throughout a dose range of 0.1-100 ng/
mL, 30ng/mL provided optimal stimulation, whereas
100ng/mL showed an inhibitory effect on the cell expan-
sion.>” In-depth overviews of the impact of cytokines at
different concentrations on the CAR-T cell expansion and
phenotype composition are provided in other dedicated
review articles,*®>"*

Considering the manifold possibilities to influence the
CAR-T cell phenotype (and with this the post-infusion
expansion capacity) during CAR-T cell manufacturing,
an abundance of options to combine design decisions
regarding T cell activation, stimulation, expansion dura-
tion, and expansion conditions exist. Within an MIDD
program, PBPK/quantitative systems pharmacology
(QSP),30% population PK/PD,*460 and emerging ma-
chine learning® approaches can be applied to incorporate
the quantitative findings obtained in carefully chosen in
vitro experiments investigating the impact of such design
choices. The generated models can then be leveraged to
perform hypothesis-generating simulations regarding the
interactions of the actionable variables in the manufac-
turing phase, followed by model-informed design of the
hypothesis-testing experiments.

Preclinical development

Prediction of in vivo efficacy based on
in vitro data

Several in vitro and preclinical in vivo models exist for the
prediction of clinical efficacy and toxicity of CAR-T cell
therapy.®*? In vitro cell killing assays are most frequently
used to assess antitumor activity, however, their transla-
tion into in vivo expansion, persistence, and efficacy po-
tential is far from optimal.****®* In a study assessing the
in vitro, preclinical, and clinical in vivo antitumor effects
for CAR-T cells targeting the GD2 antigen (commonly ex-
pressed on solid tumors), the cells showed strong antitu-
mor efficacy in vitro but not in vivo.** When assessing the
cells’ fate during ex vivo expansion, signs of exhaustion
and low cytokine production due to tonic receptor signal-
ing were observed. The authors concluded from this that
commonly used cytotoxicity assays were poor predictors
for the in vivo efficacy, as CAR-T cells prone to exhaus-
tion retain their cytolytic capacity in vitro despite their
poor efficacy in vivo. To better test for the risk of exhaus-
tion, the in vitro tests could be performed for a prolonged
period, during which fresh tumor cells would repeatedly

be added to the medium to maintain a defined effector-
to-target ratio.®* A proposed alternative in vitro predictor
for clinical antitumor efficacy is the ability of CAR-T cells
to produce polyfunctional cytokines early after antigen
exposure.’>**

In addition, the model-informed analysis of CAR-T cell
proliferation and exhaustion using real-time in vitro kill-
ing assay data could help to characterize the relationship
between target cell-related features (e.g., tumor growth
rate and level of antigen expression) and the properties
(e.g., proliferation rate, exhaustion rate, and killing rate)
of a new CAR-T cell construct.”* Mathematical models
may moreover help to predict the risk for tonic signal-
ing based on the CAR design during the drug discovery
stage, thereby reducing the risk of aborting development
at the transition from the in vitro to the preclinical in vivo
stage.®?

Finally, as successfully demonstrated in a bench-to-
bedside translation for idecabtagene ciloleucel, in vitro
killing assay data can be used to determine the CAR-T
cell potency on the cell-to-cell level, supporting the subse-
quent development of (semi-)mechanistic preclinical and
clinical tumor growth inhibition models.”® Concretely,
the authors facilitated their bench-to-bedside translation
through the sequential integration of different sources of
data generated during early development. First, in vitro
cell killing data was used to develop a cell-level PD model
characterizing the in vitro activity of the CAR-T cells
against tumor cell lines. Next, the cell-level in vitro po-
tency estimate was used as a fixed parameter, describing
the number of CAR-Target complexes per tumor cell re-
quired to achieve 50% of the maximum killing rate, as part
of PK/PD models fitted to in vivo preclinical and clinical
datasets. This approach facilitated successful preclinical
and clinical predictions for idecabtagene ciloleucel and
could be applied for other CAR-T cell candidates in the
future.

Prediction of the clinical efficacy based on
preclinical in vivo data

After demonstrating antitumor activity in vitro, promising
CAR-T cell candidates are next tested in preclinical ani-
mal models. Both immune-compromised and immune-
competent mice are used, each with their own advantages
and disadvantages. Immune-compromised mice, such as
NSG mouse models, lack cells crucial for the function of
both the innate and the adaptive immune system, and
therefore allow the implantation of patient-derived xeno-
grafts.”? Studying the interplay of CAR-T cell candidates
with original human tumors is imperative to understand-
ing their behavior in a living organism. To learn about the
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exposure-response profile, robustness against exhaustion,
as well as the interindividual variability inherent to indi-
vidual starting materials and tumors, different donor cells
(starting material), dose levels, xenografts (tumors), and
effector-to-target ratios should be tested.®® A disadvantage
of immune-compromised mice is the inability to study the
interplay between CAR-T cells and the host immune sys-
tem. This is important as cells of the endogenous immune
system have been reported to be relevant for both the ef-
ficacy®® and toxicity®” of CAR-T cells. Moreover, potential
on-target off-tumor toxicities cannot be detected if the tar-
get antigen is not conserved between humans and mice.

Immune-competent mouse models allow one to study
the interaction between CAR-T cells and the host im-
mune system, including the tumor micro-environment.
Moreover, immunomodulatory effects of lymphodeple-
tion® and combination regimens with other immune-
targeting agents® can be investigated. Available
immune-competent mouse models include syngeneic
mice with implanted histocompatible tumors, genetically
engineered mice, and humanized mice with a partially
reconstituted human immune system.®** A detailed de-
scription and comparison of the advantages and disadvan-
tages of the different types of immune-competent mouse
models is provided elsewhere,®"*%> however, it should be
noted here, that there is currently no optimal preclinical
in vivo model and, at best, a qualified approximation will
be made that will in part be dependent on the specific
research question, availability of materials (e.g., human
tumor tissue), funding resources, and understanding of
potential shortcomings of a given model.

In addition to providing information on the in vivo ex-
pansion, persistence, efficacy, and safety, both immune-
compromised and immune-competent mice may allow
one to study the distribution and accumulation of the
CAR-T cells in different organs. This information may
be used to advance previously developed in vitro-based
cell-level models into semi-mechanistic®> or PBPK/PD
models.**

Clinical development

Translation of early biomarker response to
clinical outcomes

Several biomarkers for the prediction of clinical outcomes
have been proposed based on phase I and phase II clini-
cal or real-world data. High maximum concentrations
in peripheral blood (C,,,,)”'***"*7* and AUC in the first
month after infusion (AUC,_)'**""®”! have been asso-
ciated with better response and/or response duration for
several CAR-T cell products. High correlations between

ASCPT

Cpax and AUC, 4 are usually observed,'®’* which im-
plies that either could act as a relevant exposure metric.

Although CAR-T cell expansion is often positively cor-
related with tumor size, " a high baseline tumor burden
has also been identified as a negative predictor for clini-
cal outcome.”*! Based on the hypothesis that a sufficient
effector-to-target ratio needs to be reached for a successful
antitumor response, the ratio of CAR-T cell C,,,,,/baseline
tumor burden could therefore be an alternative response
predictor to C,,,, alone.*"*™

Mixed results have been reported for the association
between CAR-T cell persistence, measured as the AUC
integrated from the time of infusion until the last obser-
vation (AUC,,), and outcome. Whereas positive correla-
tions between AUC,,,; and response duration have been
identified,”””® durable responses despite undetectable
CAR-T cell transgene levels in blood are observed as well.
Of note, relationships between CAR-T cell persistence
and response duration have mostly been observed for
CAR products using the 41BB co-stimulatory domain,
whereas no such relationships could be identified for
products using the CD28 domain, possibly attributable to
4-1BB-specific downstream signaling.

As mentioned in the introduction to this paper, the
phenotype composition in the infusion product seems
to be an essential determinant of the CAR-T cell expan-
sion and antitumor efficacy, with low-differentiation phe-
notypes such Ty, Tgcp, and Tgy being associated with
favorable response.'®' Notably, supporting the impor-
tance of the phenotypic composition, two independent
analyses, one of them model-based, identified the above-
suggested biomarker of CAR-T cell C,,,,/baseline tumor
burden ratio to be of increased predictive performance
when using only the naive instead of all CAR-T cells in
the denominator.**

Recently, an analysis of clinical data from approved
CAR-T cell products applying a machine learning work-
flow (including particle swarm optimization, principal
component analysis, and single-sample gene set enrich-
ment analysis) identified cell-intrinsic differences, such
as a proliferative capacity and death rates as well as the
cytotoxicity potential to be of superior predictive perfor-
mance than phenotype.”® Using bulk gene expression data
of pre-infusion CAR-T cell products, the authors identi-
fied an enrichment of memory cell signatures, heightened
proliferative and inflammatory signaling, and lack of ex-
haustion markers to be positively correlated with CAR-T
cell expansion, persistence, and antitumor response.

As highlighted above, there are several questions and
MIDD applications that are specific to CAR-T cell ther-
apy. The traditional exposure-response focused MIDD
applications may be less relevant for CAR-T cell ther-
apy, however, in other aspects, the CAR-T cell therapy
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development programs can benefit from the same MIDD
applications as other therapeutic modalities in the same
indication. This includes applications such as linking
early response biomarkers to clinical end points”>”"” and
using such predictions to evaluate probability of success
against a predefined target and/or in contrast to an active
(:ompalrat0r.78_80

CLINICAL PRACTICE

Compared to the number of actionable variables in the
drug discovery and drug development phases, there are
relatively few in the clinical practice stage. Clinical ac-
tionable variables include an optional bridging therapy
between the previous line and CAR-T cell therapy as
well as extrinsic factors, such as immunomodulation be-
fore or after T cell infusion (including but not limited to
lymphodepleting chemotherapy regimen, post-infusion
cytokines, etc.). In the future, model-based selection of pa-
tient subgroups who might benefit the most from CAR-T
cell therapy could be possible.

A high baseline tumor burden has been associated
with poor CAR-T cell efficacy”** and patients with ag-
gressive tumors often need disease control during the
~30days between apheresis and CAR-T cell infusion. By
reducing the tumor size prior to CAR-T cell infusion, a
bridging chemotherapy between apheresis and CAR-T
cell therapy can improve the in vivo CAR-T cell survival
conditions and reduce the severity of CAR-T cell asso-
ciated toxicities." Care should be taken to adjust the
treatment intensity to the patient's overall condition as a
too high intensity can result in immunosuppression and
poor prognosis. Moreover, mixed results on the effect of
bridging therapy on the efficacy and toxicity of CAR-T
cell treatment have been reported, and the interpreta-
tion of these findings is challenging, as bridging ther-
apy is usually administered to patients who have a poor
prognosis to begin with.®" Further studies should be
performed to investigate the impact of different bridg-
ing therapy regimens on CAR-T cell therapy outcome in
different patient subpopulations.

The preconditioning lymphodepleting chemotherapy
administered in the days before CAR-T cell infusion has
several positive effects: it modulates the tumor microen-
vironment and removes cytokine sinks while simultane-
ously stimulating the release of homeostatic cytokines,
such as IL-7 and IL-15.8%*° Patients usually receive a com-
bination of high-dose cyclophosphamide and fludarabine
over 3-4days, however, other regimens such as benda-
mustine alone exist. Recently, a modeling and simulation
framework to test the impact of different precondition-
ing regimens on CAR-T cell treatment success has been

proposed.®* The authors identified the optimal regimen to
be dependent on a patient's tumor burden and intended
CAR-T cell dose. Moreover, they identified the rest period
between lymphodepleting chemotherapy and CAR-T cell
infusion to be tumor growth rate-dependent and import-
ant for the preconditioning’s success. The proposed model
could be the basis for a personalized lymphodepleting reg-
imen in the future.

Focusing on the currently most common lympho-
depleting regimen of cyclophosphamide-fludarabine,
exposure-response relationships have been observed for
both drugs. In a study applying cyclophosphamide alone,
a high dose of cyclophosphamide was associated with sig-
nificantly better expansion and survival compared to a low
dose.* Similarly, two independent studies applying cyclo-
phosphamide and fludarabine in combination identified
fludarabine exposure to be directly associated with clini-
cal outcome.3*%” Notably, in both fludarabine studies, all
patients had received the same body size area-normalized
dose of 30mg/m” yet a wide interindividual variability in
observed plasma fludarabine concentrations was observed
and AUC efficacy thresholds of 13.8% and 14.0mgh/L*’
were identified.

CAR-T cell therapy as part of a combination treatment
strategy is currently being investigated in preclinical and
early clinical trials. A detailed review of all explored com-
binations is beyond the scope of this paper but has been
the focus of a different paper.*® No combination strategy
is currently approved by a regulatory agency and further
studies will have to be performed before the first com-
bined treatment protocol will become available.

Compared to the drug discovery and drug develop-
ment phases, which will be best supported by mechanis-
tic PBPK/QSP approaches, a population-based approach
to quantify the impact of the described actionable vari-
ables becomes more relevant in the clinical practice stage.
Data-driven population (nonlinear mixed-effects) mod-
els"*%% can be used to describe the general trend in
often sparse data, the variability within the population,
and potential covariates influencing different kinetic/dy-
namic processes. Moreover, they can be used to compare
parameters across drug products, diseases, patient subpop-
ulations, and response status.** Other population-based
modeling and simulation approaches'** applied to clin-
ical data can additionally help to understand the complex
CAR-T cell - tumor interactions and propose underlying
factors for varying treatment responses. Models at the in-
terface of QSP and population PK/PD modeling®*> add
a more mechanistic layer while retaining the advantages
of a population approach and can be used to generate hy-
potheses regarding underlying mechanisms of identified
significant covariates. In addition, machine learning algo-
rithms have added to the repertoire of available modeling
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approaches to identify predictors for clinical response
from clinical data.”

FUTURE PERSPECTIVES

All currently approved CAR-T cell products are autolo-
gous (i.e., manufactured from a patient's own T cells),
equipped with second-generation CARs, and targeting
hematological malignancies. The development of CAR-T
cells for solid tumors has so far been largely unsuccessful,
due to several reasons, including limited penetration into
tumor tissue as well as low antitumor efficacy and persis-
tence. However, a variety of approaches to overcome these
challenges are being explored, such as utilizing different
autologous or allogeneic cell types, using different natural
or artificial receptors, or modulating the tumor microen-
vironment.”’ These novel approaches might show devia-
tions from the relatively well-characterized kinetics and
dynamics of the currently approved autologous second-
generation CAR-T cell products. A MIDD program can
help to quantitatively evaluate the impact of these changes
on CAR-T cell expansion, persistence, phenotype, effi-
cacy, and safety, and allow for more efficient candidate
comparison to accelerate the development process.
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